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The Mitotic Arrest in Response to Hypoxia
and of Polar Bodies during Early Embryogenesis
Requires Drosophila Mps1
It is therefore predicted to cause an extensive gene
product truncation that removes most of the N-terminal
regulatory region and the entire C-terminal kinase
domain (Figure 1A). In principle, aberrantly spliced read-
through transcripts or transcripts starting within the pig-
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nally truncated Mps1 protein. Quantitative RT-PCRGermany
2 Department of Cell and Molecular Biology experiments indicated that the abundance of such aber-
rant transcripts in Mps11 mutants, which span the firstBMC B13
Lund University exon junction downstream of the piggyBac insertion,
reached at most 2.5% of the wild-type Mps1 transcript22184 Lund
Sweden levels. Moreover, we point out that deletion analyses
with human Mps1 have revealed that N-terminal trunca-
tions abolish the normal kinetochore localization [13,
14]. Therefore, we conclude that Mps11 is very likely aSummary
null allele.
Mps11 homozygous progeny of heterozygous parentsMps1 kinase plays an evolutionary conserved role in
was found to develop up to the pupal stages. The greatthe mitotic spindle checkpoint [1–8]. This system pre-
majority of the Mps11 homozygotes died as pharatecludes anaphase onset until all chromosomes have
adults, but a small fraction eclosed with rough eyessuccessfully attached to spindle microtubules via their
and bent wings (0.03% at 25C, 0.15% at 18C). Thekinetochores [9]. Mps1 overexpression in budding
premature lethality of Mps11 homozygotes was com-yeast is sufficient to trigger a mitotic arrest, which is
pletely prevented by a transgene (gEGFP-Mps1) drivingdependent on the other mitotic checkpoint compo-
expression of an EGFP-Mps1 fusion protein under thenents, Bub1, Bub3, Mad1, Mad2, and Mad3 [3]. There-
control of the Mps1 regulatory region (Figure 1A; datafore, Mps1 might act at the top of the mitotic check-
not shown). The recessive lethality associated withpoint cascade. Moreover, in contrast to the other
Mps11 therefore reflects a lack of Mps1 function. More-mitotic checkpoint components, Mps1 is essential for
over, EGFP-Mps1 is a functional protein.spindle pole body duplication in budding yeast [10].
The relatively late stage of Mps11 lethality suggestedCentrosome duplication in mammalian cells might
that Mps1 is not absolutely essential for progressionalso be controlled by Mps1 [6, 11], but the fission yeast
through the cell division cycle. However, phenotypichomolog is not required for spindle pole body duplica-
consequences in Mps11 homozygotes might also havetion [4]. Our phenotypic characterizations of Mps1 mu-
been masked by a maternal Mps1 contribution. There-tant embryos in Drosophila do not reveal an involve-
fore, we generated Mps11 germline clones and analyzedment in centrosome duplication, while the mitotic
Mps11 mutants lacking both maternal and zygotic func-spindle checkpoint is defective in these mutants. In
tion. Forty-five percent of these mutants still developedaddition, our analyses reveal novel functions. We dem-
up to the pupal stages, suggesting that cell proliferationonstrate that Mps1 is also required for the arrest of
can proceed substantially in the absence of Mps1 func-cell cycle progression in response to hypoxia. Finally,
tion. In contrast, embryonic lethality was found to resultwe show that Mps1 and the mitotic spindle checkpoint
from a mutation in zebrafish mps1 [8].are responsible for the developmental cell cycle arrest
Since Mps11 mutant cells are able to progress throughof the three haploid products of female meiosis that
division cycles, it appeared unlikely that centrosomeare not used as the female pronucleus.
duplication was affected. To directly analyze centro-
some behavior in progeny of Mps11 germline clones,
Results and Discussion we immunolabeled embryos with an antibody against
-tubulin. These stainings did not reveal centrosome
The Drosophila gene CG7643 encodes a Mps1 homolog. abnormalities (data not shown). Moreover, we introduced
The predicted amino acid sequence of Drosophila Mps1 a D-TACC-GFP transgene, which expresses a centroso-
has a higher similarity to vertebrate as compared to mal protein [15], into the Mps11 mutant background and
yeast orthologs. Similarities are found predominantly in analyzed centrosome duplication during the early em-
the C-terminal protein kinase domains. Using a piggy- bryonic, syncytial cell cycles by in vivo imaging. Again,
Bac transposon with an insertion preference clearly dis- centrosome behavior was found to be normal (Fig-
tinct from the widely used P elements, we identified ure 1B).
an insertion in the Drosophila Mps1 gene in a recent While the mouse Mps1 homolog (ESK/mMps1) has
mutagenesis experiment [12]. In the following, this allele been proposed to be important for centrosome duplica-
will be designated as Mps11. The piggyBac insertion tion [6], an initial study of human Mps1 (TTK/PYT/hMps1)
disrupts the codon of amino acid 26 within the first exon. did not confirm such an involvement [7]. Subsequent
work has pointed to a higher hMps1 requirement for the
mitotic spindle checkpoint than for normal centrosome*Correspondence: chle@uni-bayreuth.de
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Figure 1. The Drosophila Mps1 Homolog
(A) The structure of the Mps1 gene, which is
flanked by the predicted genes CG7523 and
CG18212, is schematically illustrated. Thin
arrows indicate the direction of transcription.
Exons are boxed, and translated regions are
filled. Gray filling indicates the N-terminal reg-
ulatory domain, and hatching indicates the
C-terminal protein kinase domain. The piggy-
Bac insertion in the Mps11 allele is indicated
by the upper black triangle. The genomic re-
gion present in the gEGFP-Mps1 transgene
is indicated by the thick double arrow, and
the N-terminal EGFP insertion is indicated
with the lower black triangle.
(B) Centrosome duplication in Mps1 mutants.
Selected frames from a time-lapse analysis
of the behavior of a centrosomal GFP marker
protein (D-TACC-GFP) in embryos derived
from females with Mps11 germline clones in-
dicate that centrosome duplication is not de-
pendent on Mps1. The cell cycle phases
(inter-, pro-, meta-, ana-, and telophase) are
indicated in each frame as well as the time
(min:s) relative to the metaphase-to-ana-
phase transition, which was set as zero. Su-
perficial sections with a region from a syncy-
tial blastoderm embryo during mitosis 11 are
shown. Arrows point to the same centro-
some, which has duplicated in the last frame.
(C) Selected frames from a time-lapse analy-
sis illustrate the behavior of a functional
EGFP-Mps1 fusion protein in vivo. A region
from the surface of a syncytial blastoderm
embryo during mitosis 11 is shown. The time
(min:s) relative to the metaphase-to-anaphase
transition is given in each frame. The white
arrow indicates kinetochore labeling, which
starts during prophase. The arrowheads indi-
cate centrosome labeling, which is observed
from metaphase until prophase.
(D) Double labeling of fixed embryos during the syncytial blastoderm stage with an antibody against the centromere protein Cid (red) and a
DNA stain (blue) confirms that EGFP-Mps1 (green) is present on kinetochores during prophase (white arrow). Arrowheads indicate centrosome
labeling. Single nuclei from embryos during inter- (inter), pro- (pro), meta- (meta), ana- (ana), and telophase (telo) before and during mitosis
11 are shown.
behavior [11]. Residual Mps1 function allowing centro- from kinetochores and became increasingly enriched
on spindles and spindle poles. In anaphase, kinetochoresome duplication in the Drosophila Mps11 mutant is not
ruled out. However, as the expression of Mps1 function signals were no longer detected. Very similar observa-
tions were also made in embryos after cellularizationis rather difficult to envisage in the light of our character-
ization of the Mps11 allele, it is readily conceivable that, (data not shown).
Consistent with the observed kinetochore localizationlike the fission yeast homolog, Drosophila Mps1 is not
required for normal spindle pole behavior. during early mitosis, Drosophila Mps1 was found to be
required for the mitotic spindle checkpoint, as pre-While all analyzed Mps1 homologs localize to kineto-
chores during prometaphase, conflicting observations viously described for all the other analyzed homologs.
Inhibition of mitotic spindle formation by colcemid failedhave been reported concerning centrosome and nuclear
envelope localization in human cells [11, 13, 14]. To to induce a mitotic arrest in the progeny of Mps11 germ-
line clones (see Figures S1 and S2 in the Supplementalevaluate the localization of Drosophila Mps1, we ana-
lyzed gEGFP-Mps1 embryos by in vivo imaging (Figure Data available with this article online).
We also analyzed whether Mps1 regulates the dynam-1C) and immunolabeling (Figure 1D). During interphase
in syncytial blastoderm stage embryos, EGFP-Mps1 ics of progression through mitosis in unperturbed condi-
tions. Time-lapse analyses with Mps11 germline clonewas excluded from the nucleus and enriched on centro-
somes. During prophase, centrosome signals weak- progeny expressing histone H2AvD-GFP demonstrated
that the metaphase-to-anaphase transition occurredened. In parallel, signals appeared on kinetochores, as
confirmed by double labeling with an antibody against prematurely during the syncytial cycles (Figure S4).
Analyses with cultured vertebrate cells have indicatedthe centromere protein Cid, the Drosophila Cenp-A ho-
molog (Figure 1D). Until the metaphase-to-anaphase that elimination of Mad2 and BubR1 (but not of Mad1,
Bub1, and Bub3) also results in a premature onset oftransition, EGFP-Mps1 gradually disappeared again
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anaphase and severe chromosome segregation defects
in most cells [16, 17]. In the Drosophila Mps11 mutants,
chromosome segregation was still normal in most cells.
Nevertheless, an increased frequency of occasional divi-
sion failures of individual nuclei was readily detected in
syncytial embryos. During these aberrant mitoses, some
or even all chromosomes failed to display poleward
movements during anaphase (Figure S4), suggesting
that they had not yet been properly attached to the
spindle by the time of the premature metaphase-to-
anaphase transition. These mitotic division failures
eventually resulted in the elimination of aberrant nuclei
from the superficial nuclear layer—a characteristic pro-
cess during the syncytial blastoderm cycles that pre-
vents formation of aneuploid cells during cellularization
[18]. Analyses of fixed embryos confirmed that about
45% of the fertilized embryos displayed severely re-
duced numbers of nuclei with a highly irregular distribu-
tion and appearance, preventing syncytial and cellular
blastoderm formation. Another 45% of the fertilized em-
bryos appeared to progress successfully beyond cellu-
larization with no or few irregularities in the distribution
and appearance of nuclei or mitotic figures. These irreg-
ularities were observed predominantly within the polar
regions.
Inhibition of the mitotic checkpoint by overexpression
Figure 2. Drosophila Mps1 Is Required for Metaphase Arrest in Re-
of a dominant-negative BubR1 kinase in cultured human sponse to Hypoxia
cells has previously been shown to advance not only Embryos (1–2 hr) collected from histone H2AvD-GFP females
the onset of anaphase but also cyclin B1 degradation (Mps1; [A and B]) and females with Mps11 germline clones (Mps1;
so that this mitotic cyclin was degraded at the same [C–H]) were mixed, dechorionated, and incubated in degassed me-
dium before fixation and DNA labeling. In Mps1 embryos, hypoxiatime as cyclin A [19, 20]. Immunolabeling of cellularized
resulted in a cell cycle arrest during either interphase (A) or meta-Mps11 germline clone progeny also revealed a simulta-
phase (B), as previously described [26]. Double labeling with anti-neous disappearance of Cyclin A and B (Figure S4). In
bodies against phospho-histone H3 and tubulin confirmed that mi-contrast, in unperturbed human cells [21], as well as in totic Mps1 embryos arrest during metaphase (inset in [B]). In
cellularized Drosophila embryos [22] and other organ- contrast, while hypoxia still resulted in an interphase arrest (C), it
isms, the mitotic degradation of A-type cyclins occurs failed to trigger a metaphase arrest in Mps1 embryos. Mps1 em-
bryos during anaphase were therefore readily observed (D), althoughbefore that of the B-type cyclins. Our observations indi-
anaphase figures were usually abnormal, as indicated by the high-cate therefore that in addition to BubR1, Mps1 is also
magnification views (E–H).required for the delay of B-type cyclin degradation rela-
tive to A-types. The difference in the dynamics of Dro-
sophila Cyclin B and B3 degradation [23, 24] did not
is required for the hypoxia-induced metaphase arrest.appear to be affected in the Mps11 mutants (data not
Therefore, we mixed stage 5 embryos derived fromshown).
Mps11 germline clones with Mps1 control embryos ex-An RNA interference screen for genes required for
pressing a histone H2AvD-GFP transgene and incu-survival of anoxia in C. elegans has recently led to the
bated aliquots of the resulting embryo mixture for 20 minidentification of the san-1 gene, which encodes a Mad3
in hypoxic or normoxic conditions, respectively, beforehomolog involved in the mitotic spindle checkpoint [25].
fixation and DNA labeling. Confirming previous analysesIn addition, the Mad2 homolog mdf-2 was similarly found
[26], hypoxic Mps1 control embryos (GFP-positive)to be required for the mitotic spindle checkpoint and
were arrested either in interphase with abnormally con-anoxia survival [25]. Anoxia arrests mitotic cells not only
densed chromosomes or in mitosis with clusters of hy-in C. elegans embryos [25], but also in Drosophila em-
percondensed chromosomes within a mitotic spindlebryos [26, 27]. In Drosophila, precellularization embryos
(Figures 2A and 2B). Most importantly, we did not ob-that are confronted with oxygen limitation during pro-
serve Mps1 embryos where all nuclei were in ana- orphase arrest cell cycle progression rapidly and revers-
telophase in a total of 57 analyzed embryos. In contrast,ibly in metaphase. Hypoxic conditions imposed during
Mps11 embryos (GFP-negative) were frequently ob-all other cell cycle stages induce a reversible arrest in
served to be in anaphase or telophase (24% of the 161interphase, which is accompanied by abnormal chroma-
analyzed embryos; Figure 2D), demonstrating that Mps1tin condensation. It is not known whether the metaphase
is required for the hypoxia-induced metaphase arrest.arrest resulting from hypoxia in Drosophila embryos de-
While ana- and telophase figures were clearly recog-pends on the function of mitotic spindle checkpoint pro-
nizable in the hypoxic Mps11 mutants, we emphasizeteins. Moreover, since the C. elegans genome sequence
that these mitotic figures were almost always highlydoes not contain a Mps1 homolog, it appeared to be of
particular interest to evaluate whether Drosophila Mps1 aberrant with frequent chromatin bridges (Figures 2E–
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2H). Moreover, chromosome arms, which appear as
straight lines during wild-type anaphase, had a wavy
appearance in hypoxic Mps11 anaphase figures, hinting
at reduced spindle pulling forces.
The dramatic difference in the frequencies of embryos
during exit from mitosis (anaphase, telophase), which
was apparent in the comparison of hypoxic Mps1 and
Mps11 embryos, was not observed when the normoxic
embryos were compared (data not shown). However,
we also observed the dramatic difference in hypoxic
mixtures in which the embryos derived from Mps11
germline clones were marked with histone H2AvD-GFP
instead of the Mps1 control embryos. We conclude,
therefore, that Mps1 is required for the metaphase arrest
that results in response to hypoxic conditions imposed
during prophase. Mps1 does not appear to play a role
in the hypoxia-induced cell cycle arrest during in-
terphase. A comparable high fraction of Mps1 and
Mps11 embryos arrested in interphase with the charac-
teristic abnormal chromatin appearance was observed
in the hypoxic embryo mixture (Figures 2A and 2C).
In vertebrates, the mitotic spindle checkpoint is
known to be involved in the physiological arrest of ma-
ture oocytes during metaphase of the second meiotic
division [28]. In Drosophila, mature oocytes arrest during
metaphase of the first meiotic division. The early devel-
opmental arrest during cycle 1 or 2, which was apparent
in 9% of the fertilized embryos derived from Mps11 fe-
male germline clones, might therefore reflect defective
regulation of the female meiotic divisions. However, the
physiological arrest during metaphase of meiosis I did
not appear to be compromised in Mps11 mutant oocytes.
DNA labeling of mass isolated mature Mps11 mutant
oocytes [29] did not reveal abnormalities (data not
shown). Moreover, after in vitro activation [29], we ob-
served normal meiotic figures in Mps11 mutants (data
not shown). While we cannot exclude the possibility that
all or some Mps11 mutant oocytes are subtly affected,
these observations suggest that Mps1 is required nei-
ther for the physiological arrest of mature oocytes during
metaphase I nor for completion of the meiotic divisions
after release from this metaphase I arrest.
While female meiosis appeared to be largely success-
ful, the subsequent behavior of the three haploid meiotic
nuclei, which are segregated away from the female pro- Figure 3. The Cell Cycle Arrest of the Haploid Polar Body Nuclei
nucleus, was found to be abnormal in eggs derived from Requires Mps1 Function
Mps11 female germline clones. This abnormal behavior Embryos (0–1 hr) were collected from either w females (Mps1; [A
was observed in all of the Mps11 progeny, irrespective and C–F]) or females with Mps11 germline clones (Mps1; [B and
G–I]). Moreover, these females carried transgenes driving the ex-of whether the zygotic nuclei succeeded at progressing
pression of either EGFP-Mps1 ([C]; green) or Mad2-GFP ([D and G];through the syncytial cycles or not. During wild-type
green). Embryos were labeled with a DNA stain ([A and B]; red indevelopment, the innermost one of the four haploid nu-
[C]–[I]) and with antibodies against phospho-histone H3 ([E and H];clei generated by female meiosis develops into the pro-
green) or Cid ([F and I]; green). Arrowheads in the embryos shown
nucleus, whereas the peripheral, outer three polar body in (A) and (B) point to the polar body nuclei, which are shown at the
nuclei become reorganized into a characteristic con- same higher magnification in the insets. High-magnification views
densed chromosome bouquet [30]. In the Drosophila of the polar body nuclei are also shown in (C)–(I). See text for further
explanations.egg, where cytokinesis is omitted until after cellulariza-
tion, these chromosomes are not extruded. Chromo-
some condensation in the polar body nuclei occurs con-
and male pronuclei chromosomes. In wild-type em-comitantly with entry into mitosis 1 after the first round
bryos, we observed a very strong enrichment of theof DNA replication. Condensation of the polar body
mitotic spindle checkpoint components EGFP-Mps1chromatin is not accompanied by assembly of bipolar
(Figure 3C), BubR1 (data not shown), Mad2-GFP (Figuremitotic spindles, while the duplicated, sperm-derived
centrosomes organize such a spindle around the female 3D), and GFP-Fizzy (data not shown) within the pericen-
Drosophila Mps1
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tromeric regions of the condensed polar body chromo- damage in metazoans. In humans, such a role of the
mitotic spindle checkpoint might further augment itssomes. Moreover, anti-pH3 labeling was also strikingly
intense within this chromosomal region (Figure 3E). relevance in the context of tumor progression where
angiogenesis is crucial for the elimination of the insuffi-Phosphorylation of histone H3 is thought to result from
kinase activity of the Survivin-Incenp-Aurora B complex, cient blood (and oxygen) supply during initial tumor
growth.which is known to be required for kinetochore localiza-
tion of mitotic spindle checkpoint components [31]. Im- Moreover, our analyses have revealed a novel, devel-
opmental role of Mps1 during early embryogenesismunolabeling with antibodies against Aurora B and In-
cenp indicated that these proteins were also strongly when it is required for the cell cycle arrest of those three
haploid products of female meiosis that are segregatedenriched within the pericentromeric region of the bou-
quet chromosomes (Figure S5). This prominent enrich- away from the female pronucleus. In Drosophila, these
discarded meiotic products are not extruded. They ar-ment of checkpoint components and pH3 on polar body
chromosomes perdured in wild-type embryos through- rest during M phase of the first mitotic cycle and are
transformed into a cluster of radially arranged con-out the early syncytial stages. During these stages, the
polar bodies remain condensed, while the zygotic nuclei densed chromosomes. It remains to be clarified why
the interdigitated microtubules are not focused into theprogress through mitotic cycles. These observations
suggested that polar bodies might be kept inactive and characteristic, centrosome-free, tapered bipolar spin-
dle, which is organized by chromosomes during thearrested in mitosis by the mitotic spindle checkpoint in
wild-type embryogenesis. Consistent with this notion, preceding female meiotic divisions. However, the failure
to form a functional bipolar spindle might be linked towe also observed an enrichment of Cyclin B in the cen-
tral domain of the bouquet (Figure S5). Moreover, this the activation of the mitotic spindle checkpoint, which
keeps the bouquet chromosomes from further cell cyclenotion predicts that the polar body chromosomes es-
cape from the arrest in Mps11 mutants. Indeed, instead progression. While our findings provide an initial molec-
ular insight, the important mechanisms that differentiateof the bouquet-like arrangement of condensed polar
body chromosomes that is characteristic for wild-type the female pronucleus from the other haploid products
of female meiosis are far from being understood.embryos (Figures 3A and 3C–3F), we observed one or
two giant nuclei in all of the progeny derived from Mps11
Supplemental Datagermline clone females (Figures 3B and 3G–3I). These
Supplemental Data including five additional figures and the descrip-giant nuclei contained decondensed chromatin, which
tion of the Experimental Procedures are available at http://www.was not labeled with anti-BubR1 (data not shown),
current-biology.com/cgi/content/full/14/22/2019/DC1/.
Mad2-GFP (Figure 3G), and anti-pH3 (Figure 3H) in the
great majority of the embryos. We point out that, during
Acknowledgments
the syncytial blastoderm cycles in the zygotic nuclei,
the behavior of BubR1 was not affected by the Mps11 We thank Ralf Schittenhelm for assisting during transgene construc-
tion; Rahul Pandey for some of the immunolabelings; and Jordanmutation (data not shown), in contrast to the findings
Raff, Bill Earnshaw, David Glover, Claudio Sunkel, and Stefan Heid-observed with immunodepleted Xenopus extracts [31].
mann for providing fly strains, antibodies, and comments on theThe absence of mitotic spindle checkpoint components
manuscript. This work was supported by grants from the Swedishfrom the abnormal giant nuclei in the Mps11 mutants
Research Council VR and the Swedish Cancer Foundation to U.H.
therefore presumably results indirectly from the failure and by grants from the German-Israeli Research Foundation (GIF
to arrest during mitosis 1. The intensity of the DNA label- 658) and the Deutsche Forschungsgemeinschaft (DFG Le987/3-3)
to C.F.L.ing indicated that the giant nuclei had undergone over-
replication. Labeling with an antibody against the consti-
Received: July 29, 2004tutive centromere protein CID/Cenp-A resulted in an
Revised: September 6, 2004excessive number of signals, and these were generally
Accepted: September 21, 2004located in the outer periphery of the decondensed chro-
Published: November 23, 2004
matin (Figure 3I), while the expected 12 pairs of centro-
mere signals were detected in the center of wild-type
References
bouquets (Figure 3F). Based on estimates of centromere
signal numbers, at least four rounds of overreplication 1. Fisk, H.A., Mattison, C.P., and Winey, M. (2004). A field guide
to the Mps1 family of protein kinases. Cell Cycle 3, 439–442.had occurred in the analyzed Mps11 embryos.
2. Weiss, E., and Winey, M. (1996). The Saccharomyces cerevisiae
spindle pole body duplication gene MPS1 is part of a mitotic
checkpoint. J. Cell Biol. 132, 111–123.Conclusions
3. Hardwick, K.G., Weiss, E., Luca, F.C., Winey, M., and Murray,Our characterization of Mps1 function in Drosophila has
A.W. (1996). Activation of the budding yeast spindle assembly
uncovered a previously unknown involvement in the checkpoint without mitotic spindle disruption. Science 273,
hypoxia stress response. These observations extend 953–956.
4. He, X., Jones, M.H., Winey, M., and Sazer, S. (1998). Mph1, arecent findings obtained in C. elegans, which does not
member of the Mps1-like family of dual specificity protein ki-have an obvious Mps1 homolog but requires other mi-
nases, is required for the spindle checkpoint in S. pombe. J.totic spindle checkpoint components for efficient pro-
Cell Sci. 111, 1635–1647.tection against aneuploidies resulting from progression
5. Abrieu, A., Magnaghi-Jaulin, L., Kahana, J.A., Peter, M., Castro,
through mitosis when oxygen is absent [25]. The mitotic A., Vigneron, S., Lorca, T., Cleveland, D.W., and Labbe, J.C.
spindle checkpoint is therefore likely of general impor- (2001). Mps1 is a kinetochore-associated kinase essential for
the vertebrate mitotic checkpoint. Cell 106, 83–93.tance for protection against hypoxia-induced genetic
Current Biology
2024
6. Fisk, H.A., and Winey, M. (2001). The mouse Mps1p-like kinase condensation induced in Drosophila embryos by anoxia: Visual-
ization of interphase nuclear organization. J. Cell Biol. 100,regulates centrosome duplication. Cell 106, 95–104.
7. Stucke, V.M., Sillje, H.H., Arnaud, L., and Nigg, E.A. (2002). Hu- 1623–1636.
28. Tunquist, B.J., and Maller, J.L. (2003). Under arrest: Cytostaticman Mps1 kinase is required for the spindle assembly check-
point but not for centrosome duplication. EMBO J. 21, 1723– factor (CSF)-mediated metaphase arrest in vertebrate eggs.
Genes Dev. 17, 683–710.1732.
8. Poss, K.D., Nechiporuk, A., Hillam, A.M., Johnson, S.L., and 29. Page, A.W., and Orr-Weaver, T.L. (1997). Activation of the mei-
otic divisions in Drosophila oocytes. Dev. Biol. 183, 195–207.Keating, M.T. (2002). Mps1 defines a proximal blastemal prolif-
erative compartment essential for zebrafish fin regeneration. 30. Foe, V.E., Odell, G.M., and Edgar, B.A. (1993). Mitosis and mor-
phogenesis in the Drosophila embryo. In The Development ofDevelopment 129, 5141–5149.
9. Cleveland, D.W., Mao, Y., and Sullivan, K.F. (2003). Centromeres Drosophila melanogaster, Volume 1 (Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory Press), pp. 149–300.and kinetochores: From epigenetics to mitotic checkpoint sig-
naling. Cell 112, 407–421. 31. Vigneron, S., Prieto, S., Bernis, C., Labbe, J.C., Castro, A., and
Lorca, T. (2004). Kinetochore localization of spindle checkpoint10. Winey, M., Goetsch, L., Baum, P., and Byers, B. (1991). MPS1
and MPS2: Novel yeast genes defining distinct steps of spindle proteins: Who controls whom? Mol. Biol. Cell 15, 4584–4596.
pole body duplication. J. Cell Biol. 114, 745–754.
11. Fisk, H.A., Mattison, C.P., and Winey, M. (2003). Human Mps1
protein kinase is required for centrosome duplication and nor-
mal mitotic progression. Proc. Natl. Acad. Sci. USA 100, 14875–
14880.
12. Hacker, U., Nystedt, S., Barmchi, M.P., Horn, C., and Wimmer,
E.A. (2003). piggyBac-based insertional mutagenesis in the
presence of stably integrated P elements in Drosophila. Proc.
Natl. Acad. Sci. USA 100, 7720–7725.
13. Liu, S.T., Chan, G.K., Hittle, J.C., Fujii, G., Lees, E., and Yen,
T.J. (2003). Human MPS1 kinase is required for mitotic arrest
induced by the loss of CENP-E from kinetochores. Mol. Biol.
Cell 14, 1638–1651.
14. Stucke, V.M., Baumann, C., and Nigg, E.A. (2004). Kinetochore
localization and microtubule interaction of the human spindle
checkpoint kinase Mps1. Chromosoma 113, 1–15.
15. Gergely, F., Kidd, D., Jeffers, K., Wakefield, J.G., and Raff, J.W.
(2000). D-TACC: A novel centrosomal protein required for nor-
mal spindle function in the early Drosophila embryo. EMBO J.
19, 241–252.
16. Meraldi, P., Draviam, V.M., and Sorger, P.K. (2004). Timing and
checkpoints in the regulation of mitotic progression. Dev. Cell
7, 45–60.
17. Michel, L., Diaz-Rodriguez, E., Narayan, G., Hernando, E., Murty,
V.V., and Benezra, R. (2004). Complete loss of the tumor sup-
pressor MAD2 causes premature cyclin B degradation and mi-
totic failure in human somatic cells. Proc. Natl. Acad. Sci. USA
101, 4459–4464.
18. Takada, S., Kelkar, A., and Theurkauf, W.E. (2003). Drosophila
checkpoint kinase 2 couples centrosome function and spindle
assembly to genomic integrity. Cell 113, 87–99.
19. Geley, S., Kramer, E., Gieffers, C., Gannon, J., Peters, J.M.,
and Hunt, T. (2001). Anaphase-promoting complex/cyclosome-
dependent proteolysis of human cyclin A starts at the beginning
of mitosis and is not subject to the spindle assembly checkpoint.
J. Cell Biol. 153, 137–148.
20. den Elzen, N., and Pines, J. (2001). Cyclin A is destroyed in
prometaphase and can delay chromosome alignment and ana-
phase. J. Cell Biol. 153, 121–136.
21. Pines, J., and Hunter, T. (1991). Human cyclin A and cyclin
B1 are differentially located in the cell and undergo cell cycle
dependent nuclear transport. J. Cell Biol. 115, 1–17.
22. Lehner, C.F., and O’Farrell, P.H. (1990). The roles of Drosophila
cyclin A and cyclin B in mitotic control. Cell 61, 535–547.
23. Jacobs, H.W., Knoblich, J.A., and Lehner, C.F. (1998). Drosoph-
ila Cyclin B3 is required for female fertility and is dispensable
for mitosis like Cyclin B. Genes Dev. 12, 3741–3751.
24. Sigrist, S., Jacobs, H., Stratmann, R., and Lehner, C.F. (1995).
Exit from mitosis is regulated by Drosophila fizzy and the se-
quential destruction of cyclins A, B and B3. EMBO J. 14, 4827–
4838.
25. Nystul, T.G., Goldmark, J.P., Padilla, P.A., and Roth, M.B. (2003).
Suspended animation in C. elegans requires the spindle check-
point. Science 302, 1038–1041.
26. DiGregorio, P.J., Ubersax, J.A., and O’Farrell, P.H. (2001). Hyp-
oxia and nitric oxide induce a rapid, reversible cell cycle arrest
of the Drosophila syncytial divisions. J. Biol. Chem. 276, 1930–
1937.
27. Foe, V.E., and Alberts, B.M. (1985). Reversible chromosome
